AFRL-ML-WP-TR-2002-4043 


THE  EVALUATION  OF  AMBIENT- 
TEMPERATURE  PROCESSES  FOR 
REPAIR  BONDING  OF  ALUMINUM 
ALLOYS 


Daniel  B.  McCray 

University  of  Dayton  Research  Institute 
300  College  Park  Avenue 
Dayton,  OH  45469-0138 


JANUARY  2002 


INTERIM  REPORT  FOR  PERIOD  OF  01  JANUARY  2000  -  30  DECEMBER  2001 


Approved  for  public  release;  distribution  unlimited. 


MATERIALS  AND  MANUFACTURING  DIRECTORATE 
AIR  FORCE  RESEARCH  LABORATORY 
AIR  FORCE  MATERIEL  COMMAND 
WRIGHT -PATTERSON  AIR  FORCE  BASE,  OH  45433-7750 


REPORT  DOCUMENTATION  PAGE 


Form  Approved  OMB  No. 
0704-0188 


Public  reporting  burder  for  this  collection  of  information  is  estibated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and  maintaining  the  data  needed,  and  completing 
and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for  reducing  this  burder  to  Department  of  Defense,  Washington 
Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of 
law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a  currently  valid  OMB  control  number.  PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 


2.  REPORT  TYPE 
Interim 


1.  REPORT  DATE  (DD-MM-YYYY) 
01-01-2002 


4.  TITLE  AND  SUBTITLE 

The  Evaluation  of  Ambient-Temperature  Processes  for  Repair  Bonding  of  Aluminum 

Alloys 

Unclassified 


6.  AUTHOR(S) 
McCray,  Daniel  B.  ; 


7.  PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 
University  of  Dayton  Research  Institute 
300  College  Park  Avenue 
Dayton,  OH45469-0138 


9.  SPONSORING/MONITORING  AGENCY  NAME  AND  ADDRESS 

Materials  and  Manufacturing  Directorate 

Air  Force  Research  Laboratory 

Air  Force  Materiel  Command 

Wright-Patterson  AFB,  OH45433-7750 


12.  DISTRIBUTION/AVAILABILITY  STATEMENT 
APUBLIC  RELEASE 


3.  DATES  COVERED  (FROM  -  TO) 
01-01-2000  to  30-12-2001 


5a.  CONTRACT  NUMBER 
F33615-00-D-5600 


5b.  GRANT  NUMBER 


5c.  PROGRAM  ELEMENT  NUMBER 


5d.  PROJECT  NUMBER 
5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER _ 


8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 


10.  SPONSOR/MONITOR'S  ACRONYM(S) 


11.  SPONSOR/MONITORS  REPORT 
NUMBER(S) 


13.  SUPPLEMENTARY  NOTES 


14.  ABSTRACT 


15.  SUBJECT  TERMS 

16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION 

18. 

19.  NAME  OF  RESPONSIBLE  PERSON 

OF  ABSTRACT 

NUMBER 

EM  103,  (blank) 

Same  as  Report 
(SAR) 

OF  PAGES 
33 

lfenster@dtic.mil 

a.  REPORT  b.  ABSTRACT 

c.  THIS  PAGE 

19b.  TELEPHONE  NUMBER 

Unclassified  Unclassified 

Unclassified 

International  Area  Code 

Area  Code  Telephone  Number 

703767-9007 

DSN 

427-9007 

Standard  Form  298  (Rev.  8-98) 
Prescribed  by  ANSI  Std  Z39.18 


NOTICE 


Using  government  drawings,  specifications,  or  other  data  included  in  this  document  for  any 
purpose  other  than  government  procurement  does  not  in  any  way  obligate  the  U.S.  Government. 
The  fact  that  the  government  formulated  or  supplied  the  drawings,  specifications,  or  other  data 
does  not  license  the  holder  or  any  other  person  or  corporation;  or  convey  and  rights  or  permission 
to  manufacture,  use,  or  sell  any  patented  invention  that  may  relate  to  them. 

This  report  has  been  reviewed  by  the  Office  of  Public  Affairs  (ASC/PA)  and  is  releasable  to  the 
National  Technical  Information  Service  (NTIS).  At  NTIS,  it  will  be  available  to  the  general 
public,  including  foreign  nations. 

This  technical  report  has  been  reviewed  and  is  approved  for  publication. 


HEATHER  CROOKS 


Project  Engineer 

Adhesives,  Comp  &  Elastomers  Team 
Materials  Integrity  Branch 


JAMES  MAZZN 
Team  Leader 

Adhesives,  Comp  &  Elastomers  Team 
Materials  Integrity  Branch 


Chief 

Materials  Integrity  Branch 
Manufacturing  Technology  Directorate 


Copies  of  this  report  should  not  be  returned  unless  return  is  required  by  security  considerations, 
contractual  obligations,  or  notice  on  a  specific  document. 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  0704-0188 


The  public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  searching  existing  data  sources, 
gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including 
suggestions  for  reducing  this  burden,  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (07040188),  1215  Jefferson  Davis  Highway,  Suite  1204, 
Arlington,  VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not 
display  a  currently  valid  OMB  control  number.  PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 


1.  REPORT  DATE  (DD-MM-YY)  2.  REPORT  TYPE 

January  2002  Interim 


4.  TITLE  AND  SUBTITLE 

THE  EVALUATION  OF  AMBIENT -TEMPERATURE  PROCESSES  FOR  REPAIR 
BONDING  OF  ALUMINUM  ALLOYS 


6.  AUTHOR(S) 

Daniel  B.  McCray 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 
University  of  Dayton  Research  Institute 
300  College  Park  Avenue 
Dayton,  OH  45469-0138 


3.  DATES  COVERED  (From  -  To) 
01/01/2000-  12/30/2001 


5a.  CONTRACT  NUMBER 
F33615-00-D-5600 


5b.  GRANT  NUMBER 


5c.  PROGRAM  ELEMENT  NUMBER 
62102F 


5d.  PROJECT  NUMBER 

4349 


5e.  TASK  NUMBER 

S4 _ 

5f.  WORK  UNIT  NUMBER 

03 _ 

8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 

UDR-T  R- 2002- 00020 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 
MATERIALS  AND  MANUFACTURING  DIRECTORATE 
AIR  FORCE  RESEARCH  LABORATORY 
AIR  FORCE  MATERIEL  COMMAND 
WRIGHT -PATTERSON  AIR  FORCE  BASE,  OH  45433-7750 


12  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited. 


10.  SPONSORING/MONITORING 

AGENCY  ACRONYM(S) 

AFRL/MLSA 

11.  SPONSORING/MONITORING 

AGENCY  REPORT  NUMBER(S) 
AFRL-M  L-WP-  TR- 2002-4043 


14.  ABSTRACT  (Maximum  200  Words ) 

On-aircraft  bonded  repair  processes  typically  require  impractical  surface  preparation  processes  and  controlled  elevated-temperature 
heating  in  order  to  attain  desired  performance.  Surface  preparations  are  critical  for  bonded  joint  strength  and  durability  but  tend  to 
be  difficult,  time  -consuming,  and  contain  hazardous  materials.  Elevated  temperatures  may  be  required  to  cure  adhesives,  dry  the 
repair  area,  dry  silane  coupling  agents,  and/or  cure  bond  primer.  Due  to  time  constraints  and/or  the  inability  to  properly  heat  the 
repair  area,  aircraft  maintainers  often  require  a  low-temperature  bonding  process  that  is  quick  and  easy  to  conduct.  In  this  study, 
epoxy  paste  adhesives  were  evaluated  using  three  surface  preparations  in  order  to  identify  a  practical,  high-performance,  low- 
temperature  bonded  repair  process.  Aluminum  adherends  prepared  using  a  nonhazardous  nylon-pad/sol-gel  process  were  bonded 
with  paste  adhesives.  Mechanical  strength  and  durability  results  were  compared  to  both  the  industry  standard  surface  preparation 
for  aluminum  (phosphoric  acid  anodization  with  Cytec  BR  127  bond  primer)  and  a  commonly  used  scuff-sand/solvent  wipe  process. 
The  nylon-pad/s  ol-gel  process  outperformed  scuff-sand/solvent  wipe  in  all  cases  and,  in  some  instances,  approached  the 
performance  of  phosphoric  acid  anodization.  Scuff -sand/solvent  wipe  led  to  reduced  initial  strength  in  many  instances  and  moisture 
durability  in  all  cases. 

15.  SUBJECT  TERMS 

Adhesive  Bonding,  Ambient  Temperature,  Bonded  Repair,  Paste  Adhesive,  Sol-gel,  Surface  Preparation,  Wedge  Test 


16.  SECURITY  CLASSIFICATION  OF: 

a.  REPORT 

Unclassified 

b.  ABSTRACT 

Unclassified 

c.  THIS  PAGE 

Unclassified 

17.  LIMITATION  18.  NUMBER  OF 


OF  ABSTRACT: 
SAR 


PAGES 

36 


19a.  NAME  OF  RESPONSIBLE  PERSON  (Monitor) 

HEATHER  CROOKS 
19b.  TELEPHONE  NUMBER  (Include  Area  Code ) 

(937)  255-7484 


TABLE  OF  CONTENTS 


LIST  OF  FIGURES . iv 

LIST  OF  TABLES . v 

1  BACKGROUND . 1 

2  EXPERIMENTAL . 2 

2. 1  Determination  of  Baseline  Adhesive  Properties . 3 

2.2  Surface  Preparation  Evaluation . 6 

2.2. 1  Hysol  EA  9309.3NA . 8 

2.2.2  Hysol  EA  9320NA . 9 

2.2.3  Hysol  EA  9330.3 . 10 

2.2.4  Hysol  EA  9394 . 12 

2.2.5  Hysol  EA  9396 . 13 

2.2.6  3M  Company  EC  2615 . 14 

2.2.7  3M  Company  EC  3333 . 15 

2.3  Repeatability  Assessment . 17 

3  DISCUSSION . 21 

3.1  Determination  of  Baseline  Adhesive  Properties . 21 

3.2  Evaluation  of  Nylon-  Pad/Sol-Gel  Surface  Preparation . 22 

3 . 3  Evaluation  of  the  Repeatability  Assessment . 23 

4  CONCLUSIONS . 24 

5  REFERENCES . 26 


iii 


LIST  OF  FIGURES 


Figure  1 :  Effect  of  Surface  Preparation  on  Ambient- Temperature  Lap 

Shear  Strength  Using  EA  9320NA . 18 

Figure  2:  Effect  of  Surface  Preparation  on  Lap  Shear  Strength  at 

160°F  USING  EA  9320NA . 18 

Figure  3 :  Effect  of  Surface  Preparation  on  Wedge  Test  Results  Using 

EA9320NA . 19 

Figure  4:  Effect  of  Nylon- Pad  Coarseness  on  Ambient- Temperature 

Lap  Shear  Strength  Using  EA  9320NA . 20 

Figure  5 :  Effect  of  Nylon- Pad  Coarseness  on  Lap  Shear  Strength  at 

160°F  USING  EA  9320NA . 20 

Figure  6:  Effect  ofNylon-Pad  Coarseness  on  Wedge  Test  Results 

USING  EA  9320NA . 21 

Figure  7 :  Average  Percent  Cohesive  Failure  versus  Surface 

Preparation  for  Various  Adhesives . 23 


LIST  OF  TABLES 


Table  1 :  Comparison  of  Paste  Adhesive  Properties  when  Cured  at  Ambient 

Temperature  Under  Positive  Pressure . 4 

Table  2:  Comparison  of  Paste  Adhesive  Properties  when  Cured  at  Elevated 

Temperature  Under  35  PSI  Positive  Pressure . 5 

Table  3:  Comparison  of  Paste  Adhesive  Properties  when  Cured  at  Elevated 

Temperature  Under  15  Inches  of  Hg  Vacuum  Pressure . 5 

Table  4:  Baseline  Extension  Test  Results . 6 

Table  5 :  Effect  of  Surface  Preparation  on  Mechanical  Properties  of  EA 

9309.3NA . 8 

Table  6:  Effect  of  Surface  Preparation  on  Wedge  Test  Results  Using  EA 

9309.3NA . 9 

Table  7 :  Effect  of  Surface  Preparation  on  Mechanical  Properties  of  EA 

9320NA . 10 

Table  8:  Effect  of  Surface  Preparation  on  Wedge  Test  Results  Using  EA 

9320NA . 10 

Table  9:  Effect  of  Surface  Preparation  on  Mechanical  Properties  of  EA  9330.3 . 1 1 

Table  10:  Effect  of  Surface  Preparation  on  Wedge  Test  Results  Using  EA 

9330.3 . 11 

Table  1 1 :  Effect  of  Surface  Preparation  on  Mechanical  Properties  of  EA  9394 . 12 

Table  12:  Effect  of  Surface  Preparation  on  Wedge  Test  Results  Using  EA  9394 . 13 

Table  1 3 :  Effect  of  Surface  Preparation  on  Mechanical  Properties  of  EA  9396 . 13 

Table  14:  Effect  of  Surface  Preparation  on  Wedge  Test  Results  Using  EA  9396 . 14 

Table  15:  Effect  of  Surface  Preparation  on  Mechanical  Properties  of  EC  2615 . 15 

Table  16:  Effect  of  Surface  Preparation  on  Wedge  Test  Results  Using  EC  2615 . 15 

Table  17:  Effect  of  Surface  Preparation  on  Mechanical  Properties  of  EC  3333 . 16 

Table  18:  Effect  of  Surface  Preparation  on  Wedge  Test  Results  Using  EC  3333 . 17 


v 


PREFACE 


This  report  covers  work  performed  by  the  University  of  Dayton  Research  Institute  (UDRI), 
Dayton,  Ohio  45469-0138,  during  the  period  from  January  2000  to  December  2001.  All  work 
was  performed  under  Air  Force  Contract  F33615-95-D-5616,  Delivery  Order  0007  and  F33615- 
00-D-5600,  Delivery  Order  0001.  The  work  was  administered  under  the  direction  of  the  Systems 
Support  Division  of  the  Air  Force  Materials  and  Manufacturing  Directorate,  Air  Force  Research 
Laboratory,  Wright- Patterson  Air  Force  Base,  Ohio.  Lt.  Heather  Crooks  was  the  Contract 
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1  BACKGROUND 


On- aircraft  adhesive  bonding  of  metal  substrates  typically  requires  the  use  of  impractical  surface 
preparation  processes  in  order  to  attain  the  desired  bonded  joint  strength  and  durability.  Surface 
preparations  currently  used  for  on- aircraft  repairs  rely  on  hazardous  materials  and/or 
inconvenient  processing  steps,  or  they  do  not  yield  adequate  bond  performance.  Many  U.S.  Air 
Force  Technical  Orders  (T.O.s)  require  the  use  of  surface  preparations  such  as  phosphoric  acid 
anodize  (PAA)  or  acid  paste  etches  for  the  repair  of  aluminum  alloy  structure.  These  surface 
preparations  are  often  impractical  due  to  difficulties  imposed  by  the  on- aircraft  use  of  acids  or 
the  extended  time  required  for  their  application.  The  phosphoric  acid  in  PAA  and  sulfuric  acid 
used  in  common  paste  acid  etches  are  difficult  to  contain  and  can  embrittle  certain  high-strength 
steels1.  In  addition,  the  acids  must  be  rinsed  after  application  and  could  cause  corrosion  of 
metallic  structure  if  not  completely  removed.  The  grit- blast/silane  surface  preparation  employed 
in  many  repair  applications  provides  an  alternative  to  the  use  of  acids  but  requires  a  grit-blasting 
step,  elevated- temperature  drying,  and  several  hours  to  perform2.  The  use  of  hazardous  materials 
in  these  surface  preparations  is  becoming  more  difficult  due  to  existing  and  proposed 
environmental  and  health  regulations.  The  combination  of  these  regulations  and  the  need  to 
reduce  environmental  waste  stream  while  maintaining  adequate  bond  performance  has  lead  to  the 
development  of  more  environmentally  friendly  processes. 

The  need  for  controlled  elevated- temperature  heating  further  complicates  on- aircraft  bonded 
repair  processes.  Heating  may  be  required  to  cure  adhesives  as  well  as  dry  substructure,  dry 
silane  coupling  agents  and/or  cure  bond  primer.  Film  adhesives  are  often  chosen  for  aircraft 
repair  applications  due  to  the  better  overall  mechanical  properties,  lower  porosity,  and  more 
uniform  bondlines  obtainable  with  their  use  when  compared  to  similar  joints  prepared  using 
paste  adhesives.  However,  most  repair  film  adhesives  must  be  cured  at  temperatures  of  180°F 
or  higher. 

Some  current  US  Air  Force  maintainers  utilize  easier  processes  for  on-aircraft  repair  despite 
reductions  in  mechanical  strength  and/or  durability.  These  include  the  use  of  scuff-sand/solvent 
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wipe  surface  preparations  and/or  ambient-temperature-curing,  two-part  paste  adhesives.  These 
processes  are  performed  due  to  the  desire  or  necessity  to  conduct  repair  bonding  as  quickly  as 
possible  and  without  the  use  of  elevated- temperature  heating.  Maintenance  personnel  across  the 
Air  Force  have  become  accustomed  to  scuff- sand/solvent  wipe  as  a  surface  preparation  to  meet 
the  time  limitations  placed  on  them  by  mission  requirements  and  operations  tempo.  However, 
maintenance  personnel  are  not  always  authorized  to  perform  bonded  repairs  on  USAF  aircraft 
using  the  scuff- sand/sol  vent  wipe  process  or  two-part  epoxy  paste  adhesive  materials. 

Currently,  a  need  exists  for  an  ambient-temperature  adhesive  bonding  process  including  a 
practical,  high-performance  on-aircraft  surface  preparation  process.  Several  US  Air  Force 
maintenance  personnel  identified  several  two-part  paste  adhesives  they  wanted  to  see  evaluated. 
The  University  of  Dayton  of  Research  Institute  (UDRI)  performed  screening  tests  on  these 
adhesives  under  U.S.  Air  Force  contract  F33615-95-D-5616,  Delivery  Order  001.  UDRI 
evaluated  an  ambient- temperature  on- aircraft  repair  process  for  aluminum  utilizing  a  nylon- 
pad/soh  gel  process  that  has  demonstrated  feasibility  as  a  prebond  surface  preparation  for 
aluminum3.  The  sol- gel  surface  preparation  was  used  without  primer  in  this  evaluation  so  the 
entire  bonding  process  could  be  conducted  at  ambient  temperature  and  without  the  use  of 
hexavalent  chromium.  Nylon-pad/sol- gel  test  results  were  compared  to  those  obtained  using 
bonded  specimens  prepared  by  the  PAA/BR  127  and  scuff- sand/solvent  wipe  processes. 


2  EXPERIMENTAL 

This  evaluation  of  ambient -temperature  adhesive  bonding  processes  included  a  determination  of 
initial  paste  adhesive  strengths  as  well  as  an  investigation  into  the  effect  of  surface  preparation 
on  bond  strength  and  moisture  durability.  The  two-part  epoxy  paste  adhesives  evaluated  in  the 
program  included  Hysol  EA  9309. 3NA,  EA  9320NA,  EA  9330.3,  EA  9394,  and  EA  9396  from 
Henkel  Loctite  as  well  as  3M  Company  EC  2615  and  EC  3333.  Initial  strengths  were 
determined  via  tensile  lap  shear  (ASTM  D  1002)4  and  floating  roller  peel  testing  (ASTM  D 
3167)5,  using  A1  2024-T3  adherends  prepared  with  PAA6  and  Cytec  BR  127  adhesive  bond 
primer.  Wedge  tests  (ASTM  D  3762)7  were  also  conducted  on  A1  2024- T3  prepared  with 
PAA/BR  127  and  bonded  with  the  evaluated  paste  adhesives.  Polyester  random  mat  scrim  cloth 
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(0.004  in  thick)  was  used  for  bondline  control  with  all  adhesives  except  EA  9309. 3NA  which  is 
manufactured  with  glass  beads  to  control  bondline  thickness  to  approximately  0.005  inch.  All 
data  represent  the  average  of  five  specimens  unless  otherwise  noted. 

Surface  preparation  prior  to  bonding  is  the  key  for  achieving  long-term  moisture  durability.  Data 
were  generated  comparing  three  surface  preparations:  a  scuff- sand/solvent  wipe  process  (often 
used  for  on- aircraft  bonding),  a  relatively  new  nylon- pad/ sol- gel  surface  preparation,  and 
PAA/BR  127  as  a  control  process.  The  nylon-pad/sok  gel  surface  preparation  was  based  on  The 
Boeing  Company’s  sol- gel  chemistry8  and  in  order  to  produce  a  simple,  ambient -temperature 
process,  did  not  include  a  bond  primer.  Tensile  lap  shear,  floating  roller  peel,  and  wedge  crack 
extension  tests  were  used  to  evaluate  the  strength  and  mois  ture  durability  of  adhesive  bonds  with 
the  sol- gel  surface  preparation  on  A1  2024-T3  adherends.  Results  obtained  were  compared  to 
those  generated  using  paste  adhesives  with  the  PAA  /BR  127  and  scuff- sand/solvent  wipe 
processes.  All  data  represent  the  average  of  five  specimens  unless  otherwise  noted. 

Finally,  a  repeatability  assessment  was  conducted  using  the  adhesive  that  exhibited  the  best 
results  from  the  initial  screening.  Lap  shear  and  wedge  tests  were  conducted  using  A1  7075-T6 
adherends  prepared  using  PAA/BR  127,  nylon-pad/sok  gel,  and  grit- blast/sol-  gel  surface 
preparations.  Both  sokgel  processes  were  based  on  the  Boeing  chemistry  and  used  without  bond 
primer.  A  total  of  five  panels  (25  specimens)  per  condition  were  fabricated. 

2.1  Determination  of  Baseline  Adhesive  Properties 

Evaluation  of  baseline  properties  of  the  various  paste  adhesives  was  conducted  on  phosphoric 
acid  anodized  A1  2024- T3  primed  with  Cytec  BR  127  bond  primer  and  tested  via  tensile  lap 
shear  and  floating  roller  peel.  BR  127  was  applied  according  to  Cytec’ s  recommended 
procedure  to  a  nominal  dry  film  thickness  of  0.0002  inch,  dried  for  30  minutes  at  ambient 
temperature  (70°F),  and  then  cured  for  60  minutes  at  250°F.  Adherends  were  bonded  with  the 
epoxy  paste  adhesives  according  to  manufacturers’  recommendations  and  cured  at  ambient 
temperature  (70°F  +  5°F)  using  either  35  psi  positive  pressure  or  15  in  Hg  vacuum  pressure. 
Vacuum  pressure  was  applied  in  order  to  replicate  on-aircraft  curing  conditions.  Pressure  was 
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applied  to  the  panels  for  only  the  first  24  hours.  Panels  were  then  held  at  70°F  for  an  additional 
6  days. 

Elevated- temperature  curing  of  paste  adhesives  is  a  common  repair  practice  necessitated  by  the 
desire  to  decrease  the  amount  of  time  required  to  perform  repairs.  For  this  reason,  additional  lap 
shear  and  peel  specimens  were  fabricated  using  adhesive  cured  at  elevated  temperatures 
recommended  by  the  manufacturers.  These  temperatures  were  well  below  the  cure  temperatures 
required  for  most  epoxy  film  adhesives.  Panels  bonded  at  elevated  temperature  were  heated  at  a 
rate  of  5°F  per  minute  to  the  recommended  cure  temperature  and  held  at  that  temperature  for  60 
minutes.  The  recommended  cure  temperature  was  180°F  for  all  adhesives  except  EA  9394  and 
EA  9396.  The  cure  temperature  for  these  adhesives  was  150°F.  Tensile  lap  shear  specimens 
were  tested  at  70°F,  160°F,  and  180°F.  Floating  roller  peel  testing  was  conducted  at  70°F. 
Failure  modes  were  determined  and  recorded  as  percent  cohesive  failure  (within  the  adhesive 
layer).  Specimens  prepared  with  PAA/BR  127  exhibited  varying  percentages  of  interfacial 
failure  between  the  primer  and  adhesive  but  did  not  fail  at  the  aluminum- primer  interface. 
Results  of  mechanical  testing  performed  on  specimens  bonded  with  adhesives  cured  at  ambient 
temperature  (70°F)  under  positive  pressure  are  shown  in  Table  1.  Table  2  contains  the  results  of 
mechanical  tests  for  specimens  bonded  with  adhesives  cured  at  elevated  temperature  under 
positive  pressure.  Lap  shear  and  peel  test  results  obtained  with  adhesives  cured  at  elevated 
temperature  under  vacuum  pressure  are  shown  in  Table  3. 


Table  1:  Comparison  of  Paste  Adhesive  Properties  when  Cured  at  Ambient  Temperature 

Under  Positive  Pressure 


Adhesive 

Lap  Shear  Strength  (psi)  (%  cohesive  failure) 

Peel  Strength  (pli) 

70  °F 

160°F 

180°F 

70  °F 

EA  9309.3NA 

4037  (97%  co) 

754  (94%  co) 

436  (99%  co) 

55.9  (100%  co) 

EA  9320NA 

4620  (99%  co) 

1126  (100%  co) 

843  (100%  co) 

23.9  (100%  co) 

EA  9330.3 

4414  (100%  co) 

764(100%  co) 

582  (98%  co) 

38.4  (100%  co) 

EA  9394 

4076  (94%  co) 

2522  (100%  co) 

2697  (100%  co) 

25.6  (97%  co) 

EA  9396 

5248  (98%  co) 

3288  (100%  co) 

2993  (91%  co) 

24.5  (100%  co) 

EC  2615 

4870  (11%  co) 

801  (90%  co) 

714  (39%  co) 

77.0  (90%  co) 

EC  3333 

3477  (-0-%  co) 

1087  (-0-%  co) 

453  (27%  co) 

75.9  (100%  co) 

Note:  all  data  are  the  average  of  5  specimens  except  for  EA  9309.3 

NA  (10  specimens) 
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Table  2:  Comparison  of  Paste  Adhesive  Properties  when  Cured  at  Elevated  Temperature 

Under  35  PSI  Positive  Pressure 


Adhesive 

Lap  Shear  Strength  (psi)  (%  cohesive  failure) 

Peel  Strength  (pli) 

70  °F 

160°F 

180°F 

70  °F 

EA  9309.3NA 

4872  (40%  co) 

3142  (90%  co) 

1274  (60%  co) 

60.0  (90%  co) 

EA  9320NA 

5756  (99%  co) 

3597  (81%  co) 

1708  (84%  co) 

25.2  (100%  co) 

EA  9330.3 

5344  (93%  co) 

1022  (86%  co) 

773  (64%  co) 

47.6  (100%  co) 

EA  9394 

4857  (78%  co) 

3126  (84%  co) 

3141  (84%  co) 

25.8(81%  co) 

EA  9396 

4238  (40%  co) 

4456  (94%  co) 

3965  (53%  co) 

17.6(95%  co) 

EC  2615 

51 67  (11%  co) 

3253  (30%  co) 

2023  (24%  co) 

43.6  (3%  co) 

EC  3333 

5177  (2%  co) 

2919  (32%  co) 

1690  (14%  co) 

46.8  (5%  co) 

Note:  all  data  are  the  average  of  5  specimens  except  for  EA  9309.3 

NA  (10  specimens) 

Table  3:  Comparison  of  Paste  Adhesive  Properties  when  Cured  at  Elevated  Temperature 

Under  15  Inches  of  Hg  Vacuum  Pressure 


Adhesive 

Lap  Shear  Strength  (psi)  (%  cohesive  failure) 

Peel  Strength  (pli) 

70  °F 

160°F 

180°F 

70  °F 

EA  9309.3NA 

4460  (90%  co) 

2506  (100%  co) 

736  (80%  co) 

52.1  (90%  co) 

EA  9320NA 

5197  (98%  co) 

3147  (100%  co) 

1812  (97%  co) 

27.3  (100%  co) 

EA  9330.3 

5000  (93%  co) 

729  (88%  co) 

662  (81%  co) 

48.1  (100%  co) 

EA  9394 

381 8  (93%  co) 

2926  (95%  co) 

2798  (98%  co) 

23.2  (89%  co) 

EA  9396 

3766  (62%  co) 

3021  (89%  co) 

2161  (38%  co) 

13.9(95%  co) 

EC  2615 

5090  (35%  co) 

2293  (59%  co) 

1776  (33%  co) 

52.5  (5%  co) 

EC  3333 

5225  (13%  co) 

3280  (36%  co) 

1810  (13%  co) 

49.9  (-0-%  co) 

Note:  all  data  are  the  average  of  5  specimens  except  for  EA  9309.3 

NA  (10  specimens) 

Baseline  wedge  testing  was  performed  on  A1  2024- T3  adherends  prepared  with  PAA/BR  127. 
The  adhesives  were  cured  for  60  minutes  at  180°F  and  35  psi  except  for  EA  9394  and  EA  9396 
which  were  cured  for  60  minutes  at  150°F  and  35  psi.  Polyester  scrim  cloth  was  used  for 
bondline  control  with  all  adhesives  except  EA  9309.3  since  it  is  manufactured  with  glass  beads. 
Specimens  were  tested  at  120°F  and  95-100%  relative  humidity  (RH).  Results  of  the  baseline 
wedge  testing  are  shown  in  Table  4. 

Failure  modes  for  specimens  fabricated  with  all  of  the  Hysol  adhesives  were  mostly  cohesive 
(within  the  adhesive)  with  small  amounts  of  interfacial  failure  occurring  between  the  primer  and 
adhesive.  However,  the  3M  Company  adhesives  exhibited  large  amounts  of  interfacial  failure 
between  the  primer  and  adhesive.  This  failure  mode  was  verified  by  energy- dispersive 
spectrometry  (EDS)  analysis.  The  3M  adhesives  exhibited  high  peel  strengths  when  compared  to 
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the  Hysol  adhesives  but  the  poor  wedge  test  results  and  low  percentages  of  cohesive  failure  are  a 


concern. 


Table  4:  Baseline  Extension  Test  Results 


Adhesive 

Initial 

(in) 

I  Cummulative  Crack  Growth  (in)  1 

Total 

(in) 

Failure 

Mode 

1  hr 

8  hrs 

24  hrs 

EA  9309.3NA 

1.42 

0.06 

0.10 

0.15 

0.36 

0.43 

0.48 

0.58 

2.00 

88%  co 

1.33 

0.04 

0.06 

0.10 

0.26 

0.37 

0.50 

0.51 

1.84 

100%  CO 

EA  9320NA 

1.59 

0.06 

0.06 

0.07 

0.09 

0.12 

0.15 

0.17 

1.76 

100%  co 

EA  9330.3 

1.38 

0.08 

0.47 

0.73 

0.96 

1.02 

1.06 

1.10 

2.48 

71%  CO 

EA  9394 

1.75 

0.07 

0.16 

0.16 

0.20 

0.22 

0.22 

0.23 

1.98 

96%  co 

EA  9396 

1.77 

0.07 

0.16 

0.16 

0.29 

0.33 

0.39 

0.42 

2.19 

1 00%  co 

EC  2615 

1.33 

0.01 

0.06 

0.14 

0.37 

0.52 

0.60 

0.69 

2.02 

1 0%  co 

EC  3333 

1.29 

0.03 

0.18 

0.27 

0.54 

0.67 

0.76 

0.86 

2.15 

22%  co 

The  adhesives  exhibited  a  range  of  mechanical  properties.  In  general,  the  following  trend  is 
observed:  as  the  peel  strength  of  the  adhesive  increases,  the  resistance  to  heat  is  reduced  as 
exhibited  by  the  reduction  in  lap  shear  strength  at  elevated  temperature.  It  is  also  seen  that 
curing  under  vacuum  pressure  decreases  the  strength  of  the  bonds.  This  is  likely  due  to  the 
increased  porosity  observed  in  the  bondline  for  vacuum-cured  specimens9.  Finally,  a  reduction 
in  strength  at  elevated  temperature  is  detected  when  curing  at  ambient  temperature  compared  to 
an  elevated- temperature  cure.  This  is  likely  caused  by  reduced  glass  transition  temperature 
(Tg)10  as  a  result  of  the  ambient-temperature  cure  cycle11.  Overall,  the  Hysol  adhesives  exhibited 
strengths  consistent  with  published  data  provided  by  Hysol  and  exhibited  cohesive  failure  modes 
whereas  the  3M  Company  adhesives  yielded  excessive  amounts  of  interfacial  failure  mode. 

2.2  Surface  Preparation  Evaluation 

Aircraft  aluminum  bonded  parts,  as  received  from  the  manufacturer,  are  typically  fabricated 
utilizing  high-performance  surface  preparations  such  as  acid  anodization  or  elevated- temperature 
acid  etch.  Variants  of  these  processes  are  often  specified  in  Air  Force  T.O.s  as  the  preferred 
methods  for  preparing  surfaces  for  adhesive  bonded  repair.  However,  due  to  the  difficulty  of 
performing  these  surface  preparations  on  aircraft,  maintainers  across  the  Air  Force  desire  a 
convenient  ambient- temperature  adhesive  bonding  process  capable  of  delivering  acceptable 
strength  and  durability.  Therefore,  the  paste  adhesives  evaluated  in  this  program  were  tested 
with  three  different  surface  preparations.  PAA/BR  127  was  used  as  a  standard.  A  scuff- 
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sand/solvent  wipe  process  was  used  to  replicate  a  common  on- aircraft  approach.  Finally,  an 
ambient- temperature  nylon-pad/sol- gel  surface  preparation  was  evaluated. 

Bare  A1  2024-T3  adherends  were  used  to  fabricate  all  bonded  specimens  in  the  surface 
preparation  evaluation.  Tensile  lap  shear,  floating  roller  peel,  and  wedge  tests  were  conducted  to 
determine  initial  bond  strength  and  bond  moisture  durability  using  the  adhesives  with  each  of  the 
three  surface  preparations.  The  scuff- sand/solvent  wipe  process  consisted  of  degreasing  by 
wiping  the  adherends  with  lint- free  cloths  moistened  with  acetone,  abrading  with  100- grit  AI2O3 
abrasive  paper  using  a  random  orbital  sander,  and  final  wiping  with  acetone  to  remove  residue. 
The  nylon-pad/sol-gel  process  employed  the  same  acetone  degrease  step.  Adherends  were  then 
abraded  with  3- inch  diameter  3M  Company  Scotch-Brite™  Roloc™  coarse  pads  using  a  20,000- 
RPM  nitrogen- driven  rotary  grinder.  Adherends  were  not  cleaned  with  solvent  after  the  final 
abrasion  step.  Residue  was  removed  using  compressed  dry,  clean,  nitrogen.  Sol- gel  solution 
was  brush- applied  keeping  the  surface  wet  for  3  minutes  and  then  dried  at  ambient  laboratory 
conditions  for  30  minutes  prior  to  adhesive  application. 

For  all  panels,  adhesive  was  mixed  according  to  the  manufacturers’  recommendations  and 
applied  to  both  bonding  surfaces.  Polyester  random  mat  scrim  cloth  was  used  for  bondline 
control  with  all  adhesives  except  EA  9309.3NA,  since  it  is  manufactured  with  glass  beads  for 
bondline  control  All  specimens  were  cured  under  15  inches  of  Hg  vacuum  pressure  in  order  to 
replicate  on- aircraft  curing  conditions  unless  otherwise  noted.  Scuff- sand/solvent  wipe,  nylon- 
pad/sol- gel,  and  PAA/BR  127  specimens  were  heated  to  elevated  temperature  to  accelerate 
adhesive  cure.  A  second  set  of  nylon-pad/sol-  gel  specimens  was  fabricated  with  adhesive  cured 
at  ambient  temperature.  These  data  were  compared  to  controls  fabricated  using  the  PAA/BR  127 
surface  preparation  with  adhesive  cure  at  ambient  temperature  under  35  psi  positive  pressure. 

The  elevated- temperature  cure  for  EA  9394  and  EA  9396  was  60  minutes  at  150°F.  The 
elevated- temperature  cure  for  the  other  adhesives  was  60  minutes  at  180°F.  The  ambient- 
temperature  cure  cycle  for  all  the  adhesives  was  24  hours  at  70°F  under  pressure  followed  by  an 
additional  6  days  at  ambient  after  removal  of  pressure.  Tensile  lap  shear  specimens  were  tested 
at  70°F,  160°F,  and  180°F.  Floating  roller  peel  testing  was  conducted  at  70°F.  Wedge  testing 
was  conducted  at  120°F  and  95-100%  RH. 
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2.2.1  Hysol  EA  9309.3NA 

Results  for  tensile  lap  shear  and  floating  roller  peel  testing  of  EA  9309. 3NA  are  shown  in  Table 
5.  For  specimens  with  less  than  100%  cohesive  failure  modes,  interfacial  failure  occurred 
between  the  primer  and  adhesive  in  PAA/BR  127  specimens  and  between  the  adhesive  and 
aluminum  on  the  other  specimens.  When  EA  9309.3NA  was  cured  at  elevated  temperature,  the 
scuff-  sand/solvent  wipe  process  exhibited  reduced  bond  strengths  and  low  percentages  of 
cohesive  failure.  Most  noticeably,  it  can  be  seen  that  EA  9309. 3N A  exhibited  high  peel  strength 
when  bonded  to  adherends  prepared  using  PAA/BR  127,  however,  the  peel  strength  is  drastically 
reduced  when  bonded  to  the  scuff- sand/solvent  wipe  surface.  At  all  temperatures,  the  nylon- 
pad/sol- gel  process  provided  lap  shear  strengths  comparable  with  those  obtained  with  PAA/BR 
127,  but  exhibited  lower  percentages  of  cohesive  failure,  especially  when  tested  at  160°F  and 
180°F.  However,  the  peel  strengths  of  the  specimens  prepared  with  the  nylon-pad/sol- gel 
process  were  reduced  when  compared  to  PAA/BR  127,  and  they  exhibited  a  lower  percentage  of 
cohesive  failure. 

Overall,  when  ambient-temperature  cure  is  compared  to  elevated- temperature  cure,  the  lap  shear 
strength  of  the  adhesive  is  drastically  reduced  as  test  temperature  increases.  The  nylon-pad/sol- 
gel  process  yields  lap  shear  and  peel  strengths  similar  to  those  of  PAA/BR  127  tests,  but 
specimens  exhibit  very  low  percentages  of  cohesive  failure  when  tested  in  lap  shear  at  elevated 
temperature. 


Table  5:  Effect  of  Surface  Preparation  on  Mechanical  Properties  of  EA  9309.3NA 


Surface  Preparation 

Lap  Shear  Strength  (psi)  (%  cohesive  failure) 

Peel  Strength  (pli) 

70  °F 

160  °F 

180°F 

70  °F 

PAA/BR  127 

4318*  (95%  co) 

2295*  (99%  co) 

1 029*  (89%  co) 

54.4*  (88%  co) 

1 — 
LU 

Scuff-sand  /  solvent  wipe 

4272*  (32%  co) 

1971*  (33%  co) 

751  *  (0%  co) 

8.8*  (0%  co) 

Nylon-pad  /  sol-gel 

4705*  (91%  co) 

2528*  (76%  co) 

1028*  (5%  co) 

43.8*  (58%  co) 

H 

PAA/BR  127  (pp)** 

381 9  (95%  co) 

615  (98%  co) 

439  (99%  co) 

50.9  (100%  co) 

< 

Nylon-pad  /  sol-gel 

3500  (87%  co) 

580  (3%  co) 

521  (23%  co) 

50.9  (100%  co) 

AT:  Ambient  Temperature  cure  *  Average  of  10  specimens 

ET:  Elevated  Temperature  cure  **  (pp):  cured  under  positive  pressure 


Results  of  the  EA  9309. 3NA  wedge  tests  are  shown  in  Table  6.  The  PAA/BR  127  specimens 
exhibited  cohesive  failure  modes  and  the  shortest  cracks.  Any  interfacial  failure  detected  on 
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PAA/BR  127  specimens  occurred  between  the  adhesive  and  primer.  The  nylon-pad/sol-gel 
specimens  exhibited  higher  percentages  of  cohesive  failure  and  shorter  crack  lengths  than  the 
scuff- sand/solvent  wipe  specimens.  The  interfacial  failure  modes  present  in  the  scuff- sand 
solvent  wipe  and  nylon-pad/sob  gel  specimens  occurred  between  the  adhesive  and  aluminum. 

For  a  given  EA  9309.3NA  cure  cycle,  the  nylon-pad/sol- gel  surface  preparation  resulted  in  bonds 
with  similar  strengths  to  those  using  PAA/BR  127,  but  with  smaller  amounts  of  cohesive  failure. 
The  nylon-pad/sol-gel  process  did  not  provide  the  same  level  of  durability  as  PAA/BR  127  as 
evidenced  by  the  wedge  tests.  The  nylon- pad/ sol- gel  surface  preparation  outperformed  scuff- 
sand/solvent  wipe  in  all  tests  conducted  with  EA  9309. 3NA. 


Table  6:  Effect  of  Surface  Preparation  on  Wedge  Test  Results  Using  EA  9309.3NA 


Surface  Preparation 

Initial 

(in) 

1  Cummulative  Crack  Growth  (in)  j 

Total 

(in) 

Failure 

Mode* 

1  hr 

8  hrs 

24  hrs 

7  days 

1 4  days 

21  days 

28  days 

Id 

PAA/BR127 

1.45 

0.06 

0.14 

0.19 

0.43 

0.51 

0.58 

0.63 

2.08 

85%  co 

1.39 

0.04 

0.13 

0.20 

0.43 

0.54 

0.61 

0.66 

2.05 

97%  co 

1.40 

0.68 

0.72 

0.76 

0.93 

1.08 

1.14 

1.15 

2.55 

0%  co 

1.50 

1.16 

1.17 

1.17 

1.19 

1.21 

1.23 

1.25 

2.75 

0%  co 

Nylon  pad  /  sol-gel 

1.40 

0.07 

0.21 

0.32 

0.65 

0.78 

0.89 

0.99 

2.39 

28%  co 

1.46 

0.10 

0.18 

0.21 

0.36 

0.46 

0.53 

0.58 

2.04 

42%  co 

1- 

< 

PAA/BR127  (dd) 

1.49 

0.12 

0.33 

0.44 

0.62 

0.74 

0.83 

0.88 

2.37 

100%  co 

Scuff  sand  /  acetone  wipe 

1.42 

0.45 

0.47 

0.51 

0.56 

0.64 

0.76 

0.83 

2.25 

0%  co 

ISlfMiSlilMi 

1.55 

0.13 

0.30 

0.38 

0.86 

1.06 

1.08 

1.10 

2.65 

74%  co 

*co:  cohesive  failure 


2.2.2  Hysol  EA  9320NA 

Results  for  tensile  lap  shear  and  floating  roller  peel  testing  of  EA  9320NA  are  shown  in  Table  7. 
The  small  amount  of  interfacial  failure  exhibited  by  some  of  the  PAA/BR  127  specimens 
occurred  between  the  primer  and  adhesive.  For  the  other  specimens,  interfacial  failure  occurred 
between  the  aluminum  and  adhesive.  The  scuff- sand/solvent  wipe  process  exhibited 
significantly  reduced  lap  shear  strengths  and  failure  modes.  Peel  strength  for  specimens 
prepared  with  the  EA  9320NA  was  almost  undetectable  when  using  the  scuff- sand/solvent  wipe 
process.  Lap  shear  specimens  prepared  with  the  nylon-pad/sol- gel  process  exhibited  very  similar 
bond  strengths  and  failure  modes  to  those  of  PAA/BR  127-prepared  specimens  when  cured  at 
ambient  temperature  or  elevated  temperature  and  tested  at  ambient  temperature.  There  was  a 
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reduction  in  the  percent  cohesive  failure  for  nylon-pad/sol-gel  lap  shear  specimens  cured  and 
tested  at  elevated  temperature. 


Table  7:  Effect  of  Surface  Preparation  on  Mechanical  Properties  of  EA  9320NA 


Surface  Preparation 

Lap  Shear  Strength  (psi)  (%  cohesive  failure) 

Peel  Strength  (pli) 

70  °F 

160°F 

180°F 

70  °F 

1 — 
LU 

PAA/BR  127 

5197  (98%  co) 

3147  (100%  co) 

1812  (97%  co) 

27.3  (100%  co) 

Scuff-sand  /  solvent  wipe 

3366  (60%  co) 

1954  (23%  co) 

1040  (-0-%  co) 

2.7  (-0-%  co) 

Nylon-pad  /  sol-gel 

4807  (99%  co) 

2970  (80%  co) 

1667  (50%  co) 

25.1  (100%  co) 

H 

< 

PAA/BR  127  (pp) 

4620  (99%  co) 

1126  (100%  co) 

843  (100%  co) 

23.9  (100%  co) 

Nylon-pad  /  sol-gel 

3992  (100%  co) 

1018  (100%  co) 

734  (100%  co) 

23.2  (100%  co) 

Results  of  the  EA  9320NA  wedge  tests  are  shown  in  Table  8.  The  PAA/BR  127  and  nylon- 
pad/sol-gel  specimens  exhibited  excellent  failure  modes  and  the  shortest  cracks.  The  scuff- 
sand/solvent  wipe  specimens  resulted  in  gross  adhesive  failure  at  the  aluminum- adhesive 
interface  within  24  hours  of  testing.  Overall,  the  nylon-pad/sol-gel  process  yielded  excellent 
results  in  mechanical  and  durability  testing  when  used  with  EA  9320NA  adhesive,  even  though 
the  process  did  not  include  a  primer. 


Table  8:  Effect  of  Surface  Preparation  on  Wedge  Test  Results  Using  EA  9320NA 


Surface  Preparation 

Initial 

(in) 

Cummulative  Crack  Growth  (in) 

Total 

(in) 

Failure 

Mode 

1  hr 

8  hrs 

24  hrs 

7  days 

1 4  days 

21  days 

28  days 

\n 

PAA/BR127 

1.63 

0.05 

0.06 

0.06 

0.06 

0.11 

0.11 

0.11 

1.74 

1 00%  co 

Scuff  sand  /  acetone  wipe 

CO 

CO 

0.49 

o 

CO 

o 

CO 

CO 

o 

0.69 

0.73 

0.74 

0.75 

00 

CO 

c\j 

-0-%  co 

Nylon  pad  /  sol-gel 

1.64 

0.04 

0.10 

0.10 

0.16 

0.22 

0.26 

0.26 

1.90 

95%  co 

\- 

< 

PAA/BR127  (pp) 

1.77 

0.16 

0.16 

0.16 

0.18 

0.19 

0.19 

0.20 

1.98 

1 00%  co 

Nylon  pad  /  sol-gel 

1.73 

0.10 

0.10 

0.10 

0.11 

0.12 

0.13 

0.14 

1.88 

1 00%  co 

2.2.3  Hysol  EA  9330.3 

Results  for  tensile  lap  shear  and  floating  roller  peel  testing  of  EA  9330.3  are  shown  in  Table  9. 
Although  the  PAA/BR  127  specimens’  failure  modes  were  mostly  cohesive,  some  exhibited 
partial  failures  at  the  primer- adhesive  interface.  Interfacial  failure  exhibited  by  other  specimens 
was  between  the  aluminum  and  primer.  The  scuff- sand/solvent  wipe  process  with  EA  9330.3  did 
not  result  in  the  significant  reductions  in  ambient -temperature  lap  shear  and  peel  strengths  that 
were  observed  using  this  process  with  the  other  adhesives.  However,  scuff- sand  solvent  wipe 
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specimens  experienced  a  large  reduction  in  lap  shear  strength  when  tested  at  elevated 
temperature.  These  specimens  also  resulted  in  complete  interfacial  failure  between  the  adhesive 
and  metal. 

With  EA  9330.3  cured  at  ambient  temperature,  the  nylon-pad/sol-gel  specimens  yielded  similar 
strengths  and  failure  modes  as  PAA/BR  127  specimens.  However,  when  the  cure  of  the  adhesive 
was  accelerated  with  heat,  specimens  prepared  with  the  nylon-pad/sol-  gel  process  exhibited 
reduced  amounts  of  cohesive  failure  when  tested  at  elevated  temperature,  although  their 
strengths  are  very  consistent  with  that  of  the  PAA/BR  127  specimens.  The  specimens  prepared 
with  the  nylon-pad/sol- gel  process  again  outperform  those  prepared  with  the  scuff- sand/sol  vent 
wipe  process. 


Table  9:  Effect  of  Surface  Preparation  on  Mechanical  Properties  of  EA  9330.3 


Surface  Preparation 

Lap  Shear  Strength  (psi)  (%  cohesive  failure) 

Peel  Strength  (pli) 

70  °F 

160°F 

180°F 

70  °F 

1 — 
LU 

PAA/BR  127 

5000  (93%  co) 

729  (88%  co) 

662  (81%  co) 

48.1  (100%  co) 

Scuff-sand  /  solvent  wipe 

4533  (82%  co) 

441  (-0-%  co) 

378  (-0-%  co) 

39.3  (70%  co) 

Nylon-pad  /  sol-gel 

4138  (99%  co) 

903  (68%  co) 

666  (48%  co) 

42.7  (100%  co) 

H 

< 

PAA/BR  127  (pp) 

4414  (100%  co) 

764  (100%  co) 

582  (98%  co) 

38.4  (100%  co) 

Nylon-pad  /  sol-gel 

4262  (100%  co) 

628  (89%  co) 

482  (95%  co) 

36.7  (100%  co) 

Results  of  the  EA  9330.3  wedge  tests  are  shown  in  Table  10.  PAA/BR  127  test  specimens 
exhibited  excellent  failure  modes  and  the  shortest  cracks.  The  scuff- sand/solvent  wipe 
specimens  resulted  in  interfacial  failure  after  28  days  of  testing.  The  nylon-pad/sol- gel 
specimens  exhibited  a  mixed  failure  mode  and  longer  cracks  than  the  PAA  /BR  127  specimens. 
Overall,  the  nylon-pad/sol- gel  process  yielded  better  results  than  the  scuff- sand/sol  vent  wipe 
process,  but  lacked  the  wedge  test  durability  that  PAA/BR  127  provided  with  EA  9330.3. 


Table  10:  Effect  of  Surface  Preparation  on  Wedge  Test  Results  Using  EA  9330.3 


Surface  Preparation 

Initial 

(in) 

Cummulative  Crack  Growth  (in) 

Total 

(in) 

Failure 

Mode 

1  hr 

8  hrs 

24  hrs 

7  days 

1 4  days 

21  days 

28  days 

\n 

PAA/BR127 

1.49 

0.22 

0.53 

0.79 

1.21 

1.27 

1.33 

1.37 

2.86 

87%  co 

Scuff  sand  /  acetone  wipe 

1.34 

0.29 

1.04 

1.64 

2.45 

2.51 

2.51 

2.56 

3.90 

-0-%  co 

Nylon  pad  /  sol-gel 

1.41 

0.16 

0.92 

1.32 

1.66 

1.71 

1.75 

1.75 

3.16 

40%  co 

\- 

< 

PAA/BR127  (pp) 

1.58 

0.55 

0.95 

1.06 

1.25 

1.32 

1.36 

1.41 

2.98 

1 00%  co 

Nylon  pad  /  sol-gel 

1.61 

0.47 

0.93 

1.35 

1.92 

1.98 

1.98 

1.99 

3.60 

31%  co 
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2.2.4  Hysol  EA  9394 

Results  for  tensile  lap  shear  and  floating  roller  peel  testing  of  EA  9394  are  shown  in  Table  11. 
Where  failure  modes  are  not  cohesive,  failure  occurred  between  the  primer  and  adhesive  in 
PAA/BR  127  specimens  and  between  the  adhesive  and  aluminum  in  the  other  specimens.  EA 
9394  specimens  exhibited  excellent  properties  when  tested  at  elevated  temperature.  The  EA 
9394  also  yielded  excellent  properties  when  cured  at  ambient  temperature  as  compared  to  the 
other  paste  adhesives  which  tended  to  lose  elevated-temperature  strength  rapidly  when  cured  at 
ambient.  The  peel  strengths  obtained  for  EA  9394  were  slightly  high  when  compared  to  the 
manufacturer’s  published  value  of  20  pli.  These  peel  strengths  are  also  considerably  higher  than 
published  results  of  10  pli  found  in  previous  work  conducted  at  UDRI12.  As  shown  with  other 
paste  adhesives,  the  scuff-sand/solvent  wipe  surface  preparation  yielded  interfacial  failures  and 
lower  strengths  compared  to  specimens  prepared  with  PAA/BR  127  and  the  nylon-pad/sol- gel 
processes.  The  poor  performance  of  the  scuff- sand/solvent  wipe  surface  preparation  was 
especially  evident  in  the  floating  roller  peel  results. 


Table  11:  Effect  of  Surface  Preparation  on  Mechanical  Properties  of  EA  9394 


Surface  Preparation 

Lap  Shear  Strength  (psi)  (%  cohesive  failure) 

Peel  Strength  (pli) 

70  °F 

160°F 

180°F 

70  °F 

1 — 
LU 

PAA/BR  127 

3818  (93%  co) 

2926  (95%  co) 

2798  (98%  co) 

23.2  (89%  co) 

Scuff-sand  /  solvent  wipe 

2823  (31%  co) 

2210  (93%  co) 

2282  (74%  co) 

3.3  (-0-%  co) 

Nylon-pad  /  sol-gel 

3829  (46%  co) 

2379  (88%  co) 

2301  (80%  co) 

16.7  (79%  co) 

H 

< 

PAA/BR  127  (pp) 

4076  (94%  co) 

2522  (100%  co) 

2697  (100%  co) 

25.6  (97%  co) 

Nylon-pad  /  sol-gel 

3234  (97%  co) 

2043  (93%  co) 

2029  (85%  co) 

25.2  (95%  co) 

Results  of  the  EA  9394  wedge  tests  are  shown  in  Table  12.  Initial  cracks  in  the  scuff- 
sand/solvent  wipe  specimens  were  at  the  aluminum- adhesive  interface.  The  initial  crack  lengths 
for  the  scuff- sand/solvent  wiped  specimens  were  approximately  2.76  inches  as  compared  to 
cohesive  (within  the  adhesive)  initial  cracks  exhibited  with  the  PAA/BR  127  and  nylon-pad/sol- 
gel  specimens  of  approximately  1.80  inches.  After  28  days  in  humidity,  specimens  prepared 
with  the  nylon-pad/sol- gel  process  had  smaller  crack  lengths  than  the  specimens  prepared  using 
the  scuff- sand/sol  vent  wipe  process.  The  nylon-pad/sol-gel  process  was  not  able  to  achieve  the 
same  performance  as  PAA/BR  127,  as  shown  by  the  larger  crack  lengths  and  lesser  amounts  of 
cohesive  failure. 


12 


Table  12:  Effect  of  Surface  Preparation  on  Wedge  Test  Results  Using  EA  9394 


Surface  Preparation 

Initial 

(in) 

Cummulative  Crack  Growth  (in) 

Total 

(in) 

Failure 

Mode 

1  hr 

8  hrs 

24  hrs 

7  days 

1 4  days 

21  days 

28  days 

H 

LU 

PAA/BR127 

1.89 

0.13 

0.14 

0.16 

0.20 

0.24 

0.24 

0.25 

2.14 

1 00%  co 

Scuff  sand  /  acetone  wipe 

2.76 

0.05 

0.11 

0.11 

0.18 

0.20 

0.21 

0.21 

2.97 

-0-%  co 

Nylon  pad  /  sol-gel 

1.75 

0.12 

0.23 

0.48 

0.62 

0.69 

0.69 

0.75 

2.50 

44&  co 

1- 

< 

PAA/BR127  (pp) 

1.88 

0.14 

0.14 

0.15 

0.21 

0.23 

0.23 

0.27 

2.15 

1 00%  co 

Nylon  pad  /  sol-gel 

1.81 

0.22 

0.23 

0.27 

0.48 

0.57 

0.62 

0.70 

2.52 

38%  co 

2.2.5  Hysol  EA  9396 

Results  for  tensile  lap  shear  and  floating  roller  peel  testing  of  EA  9396  are  shown  in  Table  13. 
Again,  any  interfacial  failure  exhibited  occurred  between  the  primer  and  adhesive  in  PAA/BR 
127  specimens  and  between  the  adhesive  and  aluminum  with  the  other  specimens.  In  general, 
higher  strengths  and  better  failure  modes  were  obtained  when  curing  EA  9396  at  ambient 
temperature  versus  the  accelerated  elevated- temperature  cure.  This  is  particularly  evident  in  the 
peel  results.  Scuff-  sand/solvent  wipe  specimens  resulted  in  complete  adhesive  failure  between 
the  aluminum  and  adhesive  in  all  cases.  In  fact,  the  peel  specimens  were  not  tested  because  they 
fell  apart  during  machining.  The  nylon- pad/sol- gel  surface  preparation  yielded  much  better 
results  compared  to  the  scuff- sand/solvent  wipe  process,  but  did  not  match  the  strengths  or 
failure  modes  achieved  by  specimens  prepared  with  PAA/BR  127. 


Table  13:  Effect  of  Surface  Preparation  on  Mechanical  Properties  of  EA  9396 


Surface  Preparation 

Lap  Shear  Strength  (psi)  (%  cohesive  failure) 

Peel  Strength  (pli) 

70  °F 

160°F 

180°F 

70  °F 

1 — 
LU 

PAA/BR  127 

3766  (62%  co) 

3021  (89%  co) 

2166  (38%  co) 

13.9  (95%  co) 

Scuff-sand  /  solvent  wipe 

1287  (-0-%  co) 

689  (-0-%  co) 

613  (-0-%  co) 

Broke  during  machining 

Nylon-pad  /  sol-gel 

3550  (28%  co) 

1 736  (30%  co) 

2148  (24%  co) 

9.6  (50%  co) 

H 

< 

PAA/BR  127  (pp) 

5248  (98%  co) 

3288  (100%  co) 

2993  (91%  co) 

24.5  (100%  co) 

Nylon-pad  /  sol-gel 

3380  (99%  co) 

1795  (54%  co) 

1778  (26%  co) 

22.0  (85%  co) 

Results  of  the  EA  9396  wedge  tests  are  shown  in  Table  14.  The  nylon-pad/sol- gel  surface 
preparation  yielded  larger  crack  growths  than  did  PAA/BR  127.  Specimens  fabricated  with  the 
nylon-pad/sol- gel  process  resulted  in  complete  adhesive  failure  between  the  aluminum  and 
adhesive  when  EA  9396  was  cured  at  ambient  temperature.  Initial  cracks  in  the  scuff- 
sand/solvent  wipe  specimens  were  at  the  aluminum- adhesive  interface.  The  initial  cracks  were 
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approximately  4.50  inches  in  length  compared  to  cohesive  initial  cracks  of  1.8  inches.  The  scuff- 
sand/solvent  wipe  specimens  failed  prior  to  the  one-hour  reading.  Overall,  the  scuff- sand/solvent 
wipe  specimens  exhibited  lower  bond  strengths,  less  durability,  and  complete  adhesive  failures  at 
all  testing  conditions.  The  nylon-pad/sol-gel  process  provided  better  strength  and  durability  than 
the  scuff- sand/solvent  wipe  process,  but  was  unable  to  meet  the  performance  provided  by 
PAA/BR  127. 


Table  14:  Effect  of  Surface  Preparation  on  Wedge  Test  Results  Using  EA  9396 


Surface  Preparation 

Initial 

(in) 

I  Cummulative  Crack  Growth  (in)  ] 

Total 

(in) 

Failure 

Mode 

1  hr 

8  hrs 

24  hrs 

7  days 

1 4  days 

21  days 

28  days 

h 

111 

PAA/BR127 

1.89 

0.11 

0.17 

0.17 

0.22 

0.33 

0.35 

0.40 

2.29 

83%  co 

Scuff  sand  /  acetone  wipe 

4.46 

1  i 

-ell  apart  bv  1  hour  reading _ 1 

>4.46 

-0-%  co 

1.97 

0.16 

0.54 

0.66 

0.80 

0.92 

0.92 

0.92 

2.89 

88%  co 

1- 

< 

PAA/BR127  (pp) 

1.74 

0.13 

0.20 

0.23 

0.34 

0.39 

0.44 

0.45 

2.19 

1 00%  co 

Nvlon  pad  /  sol-ael 

1.90 

0.14 

0.73 

1.19 

1.55 

1.58 

1.60 

1.64 

3.54 

3%  co 

2.2.6  3M  Company  EC  2615 

Results  for  tensile  lap  shear  and  floating  roller  peel  testing  of  EC  2615  are  shown  in  Table  15. 
Again,  any  interfacial  failure  occurred  between  the  primer  and  adhesive  in  PAA/BR  127 
specimens  and  between  the  adhesive  and  aluminum  on  the  other  specimens.  EC  2615  yielded 
better  strength  at  elevated  temperature  when  cured  at  elevated  temperature  versus  cured  at 
ambient  temperature,  but  exhibited  large  amounts  of  interfacial  failure,  even  in  PAA/BR  127 
specimens.  In  fact,  PAA/BR  127  peel  specimens  exhibited  complete  interfacial  failure  between 
the  primer  and  adhesive  when  cured  at  elevated  temperature.  However,  when  cured  at  ambient 
temperature,  PAA/BR  127  specimens  yielded  higher  percentages  of  cohesive  failure,  and  much 
higher  peel  strengths.  The  detriment  to  ambient  cure  was  the  reduction  in  elevated- temperature 
lap  shear  strength.  Scuff- sand/solvent  wipe  specimens  resulted  in  complete  adhesive  failure 
between  the  aluminum  and  adhesive  in  all  cases.  The  nylon-pad/sol- gel  surface  preparation 
produced  much  better  results  than  the  scuff- sand/solvent  wipe  process,  but  did  not  match  the 
strengths  or  failure  modes  achieved  with  specimens  prepared  with  PAA/BR  127. 


14 


Table  15:  Effect  of  Surface  Preparation  on  Mechanical  Properties  of  EC  2615 


Surface  Preparation 

Lap  Shear  Strength  (psi)  (%  cohesive  failure) 

Peel  Strength  (pli) 

70  °F 

160°F 

180°F 

70  °F 

1 — 
LU 

PAA/BR  127 

4255  (62%  co) 

2195  (56%  co) 

2179  (30%  co) 

46.9  (-0-%  co) 

5924  (8%  co) 

2390  (62%  co) 

1372  (36%  co) 

58.0  (10%  co) 

Scuff-sand  /  solvent  wipe 

3710  (-0-%  co) 

2283  (-0-%  co) 

1148  (-0-%  co) 

1.8  (-0-%  co) 

Nylon-pad  /  sol-gel 

4819(6%  co) 

2195  (14%  co) 

1356  (2%  co) 

38.0  (-0-%  co) 

H 

< 

PAA/BR  127  (pp) 

4870  (11%  co) 

801  (90%  co) 

714  (39%  co) 

77.0  (90%  co) 

Nylon-pad  /  sol-gel 

4244  (46%  co) 

1053  (-0-%  co) 

444  (-0-%  co) 

60.4  (70%  co) 

Results  of  the  EC  2615  wedge  tests  are  shown  in  Table  16.  PAA/BR  127  specimens  exhibited 
interfacial  failure  between  the  primer  and  adhesive.  Interfacial  failure  occurred  at  the  metal- 
adhesive  interface  on  all  other  specimens.  Overall,  more  interfacial  failure  occurred  in 
specimens  cured  at  elevated  temperature  than  those  cured  at  ambient  temperature.  Scuff- 
sand/solvent  wipe  specimens  resulted  with  initial  cracks  occurring  completely  at  the  aluminum- 
adhesive  interface  and  were  removed  from  humidity  after  7  days  due  to  excessive  crack  length. 
The  initial  cracks  were  approximately  2.53  inches  in  length  compared  to  cohesive  initial  cracks 
of  1.5  inches.  Overall,  the  scuff- sand/solvent  wipe  specimens  exhibited  lower  bond  strengths, 
less  durability,  and  complete  adhesive  failures  at  all  testing  conditions.  The  nylon-pad/sol- gel 
process  provided  better  strength  and  durability  than  the  scuff- sand/solvent  wipe  process,  but  was 
unable  to  meet  the  performance  provided  by  PAA/BR  127. 


Table  16:  Effect  of  Surface  Preparation  on  Wedge  Test  Results  Using  EC  2615 


Surface  Preparation 

Initial 

(in) 

Cummulative  Crack  Growth  (in) 

Total 

(in) 

Failure 

Mode 

1  hr 

8  hrs 

24  hrs 

7  days 

1 4  days 

21  days 

28  days 

\n 

PAA/BR127 

1.52 

0.00 

0.03 

0.04 

0.16 

0.25 

0.31 

0.38 

1.90 

64%  co 

Scuff  sand  /  acetone  wipe 

2.53 

1.46 

1.47 

1.47 

1.47 

removed  due  gross  failure 

4.00 

-0-%  co 

Nylon  pad  /  sol-gel 

1.60 

0.01 

0.06 

0.15 

0.55 

0.76 

0.93 

1.07 

2.67 

5%  co 

< 

PAA/BR127  (pp) 

0.97 

0.09 

0.31 

0.38 

0.56 

0.61 

0.66 

0.70 

1.66 

99%  co 

Nylon  pad  /  sol-gel 

0.93 

0.14 

0.28 

0.36 

0.64 

0.74 

0.82 

0.86 

1.79 

43%  co 

2.2. 7  3M  Company  E C  3333 

Results  for  tensile  lap  shear  and  floating  roller  peel  testing  ofEC  3333  are  shown  in  Table  17. 
All  interfacial  failure  occurred  between  the  primer  and  adhesive  in  PAA/BR  127  specimens  and 
between  the  adhesive  and  aluminum  on  the  other  specimens.  As  was  the  case  for  EC  2615,  EC 
3333  yielded  better  lap  shear  strength  at  elevated  temperature  when  cured  at  elevated 
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temperature,  but  exhibited  large  amounts  of  interfacial  failure,  even  in  PAA/BR  127  specimens. 
PAA/BR  127  peel  specimens  exhibited  complete  interfacial  failure  between  the  primer  and 
adhesive  when  cured  at  elevated  temperature.  Curing  at  ambient  temperature  did  not  seem  to 
improve  the  amount  of  cohesive  failure  detected  in  lap  shear  specimens  but  drastically  improved 
the  strength  and  failure  modes  in  peel  tests.  PAA/BR  127  specimens  yielded  the  best  lap  shear 
and  peel  strengths  when  cured  at  elevated  temperature.  Scuff-sand/solvent  wipe  specimens 
resulted  in  reduced  bond  strengths,  especially  in  peel,  and  complete  adhesive  failure  between  the 
aluminum  and  adhesive  in  all  cases.  The  nylon- pad/ sol- gel  surface  preparation  produced  much 
better  results  than  the  scuff- sand/solvent  wipe  process,  but  did  not  match  the  strengths  or  failure 
modes  achieved  with  specimens  prepared  with  PAA/BR  127. 


Table  17:  Effect  of  Surface  Preparation  on  Mechanical  Properties  of  EC  3333 


Surface  Preparation 

Lap  Shear  Strength  (psi)  (%  cohesive  failure) 

Peel  Strength  (pli) 

70  °F 

160°F 

180°F 

70  °F 

1 — 
LU 

PAA/BR  127 

4960  (20%  co) 

3500  (52%  co) 

2180  (6%  co) 

44.3  (-0-%  co) 

5489  (6%  co) 

3059  (20%  co) 

1439  (20%  co) 

55.4  (-0-%  co) 

Scuff-sand  /  solvent  wipe 

4134  (-0-%  co) 

1825  (-0-%  co) 

600  (-0-%  co) 

2.6  (-0-%  co) 

Nylon-pad  /  sol-gel 

4894  (12%  co) 

2525  (23%  co) 

964  (-0-%  co) 

38.3  (-0-%  co) 

H 

< 

PAA/BR  127  (pp) 

3477  (-0-%  co) 

1087  (-0-%  co) 

453  (27%  co) 

75.9  (100%  co) 

Nylon-pad  /  sol-gel 

5281  (57%  co) 

877  (-0-%  co) 

729  (-0-%  co) 

57.8  (80%  co) 

Results  of  the  EC  2615  wedge  tests  are  shown  in  Table  18.  PAA/BR  127  specimens  exhibited 
interfacial  failure  between  the  primer  and  adhesive.  Interfacial  failure  occurred  at  the  metal- 
adhesive  interface  on  all  other  specimens. 

All  specimens  failed  adhesively  except  for  the  PAA/BR  127  specimens.  Specimens  prepared 
with  the  scuff- sand/solvent  wipe  procedure  exhibited  initial  cracks  at  the  aluminum- adhesive 
interface.  These  cracks  were  approximately  2.55  inches  in  length  compared  to  cohesive  initial 
cracks  of  1.4  inches.  Overall,  the  scuff- sand/solvent  wipe  specimens  produced  lower  bond 
strengths,  less  durability,  and  complete  adhesive  failures  at  all  testing  conditions.  The  nylon- 
pad/sokgel  process  provided  better  strength  and  durability  than  the  scuff- sand/solvent  wipe 
process,  but  was  unable  to  meet  the  performance  provided  by  PAA/BR  127. 
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Table  18:  Effect  of  Surface  Preparation  on  Wedge  Test  Results  Using  EC  3333 


Surface  Preparation 

Initial 

(in) 

1  Cummulative  Crack  Growth  (in)  ] 

Total 

(in) 

Failure 

Mode 

1  hr 

8  hrs 

24  hrs 

7  days 

1 4  days 

21  days 

28  days 

H 

LD 

PAA/BR127 

1.40 

0.01 

0.04 

0.08 

0.25 

0.38 

0.46 

0.51 

1.91 

47%  CO 

Scuff  sand  /  acetone  wipe 

2.55 

0.68 

0.68 

0.68 

0.72 

0.74 

0.84 

0.86 

3.41 

-0-%  co 

1.21 

0.06 

0.16 

0.24 

0.45 

0.57 

0.67 

0.74 

1.95 

-0-%  co 

1- 

< 

PAA/BR127  (pp) 

1.07 

0.08 

0.36 

0.47 

0.64 

0.66 

0.72 

0.76 

1.83 

76%  co 

Nvlon  pad  /  sol-ael 

1.01 

0.16 

0.33 

0.41 

0.64 

0.78 

0.84 

0.91 

1.92 

-0-%  co 

2.3  Repeatability  Assessment 

In  order  to  determine  the  repeatability  of  the  nylon-pad/sol-gel  surface  preparation  using  EA 
9320NA,  an  assessment  was  conducted  using  tensile  lap  shear  and  wedge  testing.  Five  wedge 
test  panels  (tested  at  120°F  &  95-100%  RH)  and  ten  lap  shear  panels  (five  tested  at  70°F  and  five 
tested  at  160°F)  were  fabricated  with  each  of  the  following  surface  preparations:  grit-blast/sol- 
gel13,  nylon-pad/sol- gel,  and  PAA/BR  127  (control).  Neither  sol-gel  surface  preparation 
included  an  adhesive  bond  primer.  A1  7075-T6  adherends  were  used  in  this  assessment  as 
opposed  to  A1  2024- T3.  Adherends  were  degreased  by  wiping  with  lint- free  cloths  moistened 
with  acetone.  Nylon-pad  abraded  panels  were  deoxidized  with  3- inch  diameter  3M  Company 
Scotch- Brite™  Roloc™  medium  pads  using  a  20,000- RPM  nitrogen- driven  rotary  grinder.  Grit- 
blasted  panels  were  blasted  with  50-  micron  AI2O3  grit.  All  panels  were  blown  with  35  psi 
nitrogen  to  remove  residual  grit  or  residue  prior  to  application  of  sol- gel  solution.  Sol- gel 
solution  was  brush  applied  so  the  surface  was  kept  wet  for  3  minutes.  Panels  were  allowed  to 
dry  at  ambient  laboratory  conditions  (70°F  and  60%  RH)  for  30  minutes  prior  to  application  of 
adhesive.  Adhesive  was  applied  on  both  bonding  surfaces  and  a  random- mat  polyester  scrim 
cloth  was  used  for  bondline  control.  Panels  were  cured  for  2  hours  at  150°F  and  15  inches  of  Hg 
vacuum  pressure.  Results  of  the  ambient- temperature  tensile  lap  shear  testing  are  shown  in 
Figure  1 .  It  can  be  seen  from  Figure  1  there  is  little  change  in  lap  shear  strength  or  failure  mode 
associated  with  surface  preparation,  and  the  results  are  very  repeatable  as  shown  with  five 
separate  panels  (25  specimens). 
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Figure  1:  Effect  of  Surface  Preparation  on  Ambient- Temperature  Lap  Shear  Strength 

Using  EA  9320NA 


Results  of  the  lap  shear  testing  conducted  at  160°F  are  shown  in  Figure  2.  The  lap  shear  strength 
of  the  bond  drops  with  increasing  temperature.  However,  the  average  strengths  of  the  bonds 
prepared  with  the  different  surface  preparations  are  relatively  the  same.  There  is  a  drop  of 
percent  cohesive  failure  mode  when  using  both  the  grit-blast  and  nylon-pad  sol- gel  processes 
when  compared  to  PAA/BR  127.  The  small  amount  of  adhesive  failure  occurred  between  the 
aluminum  and  adhesive.  Results  appear  to  be  reproducible  within  the  five  panels. 


Figure  2:  Effect  of  Surface  Preparation  on  Lap  Shear  Strength  at  160°F  Using  EA  9320NA 
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Results  of  the  wedge  testing  are  shown  in  Figure  3.  The  nylon-pad/sol-gel  process  did  not  result 
in  the  same  failure  modes  as  the  grit- blast/sol-  gel  and  PAA/BR  127  processes.  However,  there 
did  appear  to  be  repeatability  within  each  of  the  processes.  Since  the  data  using  the  nylon 
pad/sol- gel  process  without  primer  led  to  less  than  the  desired  (100%  cohesive  failure),  the  tests 
were  repeated  varying  the  coarseness  of  the  3M  Roloc™  pads.  Two  panels  were  fabricated  per 
testing  condition  with  both  coarse  and  medium  grade  Roloc™  pads.  Results  of  the  ambient- 
temperature  lap  shear  testing  are  shown  in  Figure  4.  Results  of  the  lap  shear  testing  conducted  at 
160°F  are  shown  in  Figure  5. 


Figure  3:  Effect  of  Surface  Preparation  on  Wedge  Test  Results  Using  EA  9320NA 
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The  ambient-temperature  lap  shear  data  from  Figure  4  do  not  seem  to  distinguish  a  difference 
between  the  different  abrasive  pads.  Failure  modes  were  all  cohesive.  However,  changes  in 
failure  modes  were  detected  when  tested  at  160°F  (Figure  5).  Use  of  medium  Roloc™  pads 
resulted  in  84%  cohesive  failure  in  the  first  run  (data  from  Figure  2),  and  these  data  was  verified 
in  the  second  run  with  an  average  of  86%  cohesive  failure.  When  using  coarse  pads,  the  failure 
mode  increased  to  99%  cohesive.  There  was  little  difference  in  strength  noticed  between 
specimens  prepared  with  different  grades  of  nylon  pads  even  though  there  were  changes  in  the 
amount  of  cohesive  failure  present. 
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Figure  4:  Effect  of  Nylon- Pad  Coarseness  on  Ambient- Temperature  Lap  Shear  Strength 

Using  EA  9320NA 


Figure  5:  Effect  of  Nylon-Pad  Coarseness  on  Lap  Shear  Strength  at  160°F  Using  EA 

9320NA 


(run  #1)  (run  #2) 

Type  of  Abrasive  Used  in  Nylon-Pad/Sol-Gel 


Results  of  the  wedge  testing  are  shown  in  Figure  6.  The  failure  modes  seem  consistent  when 
using  medium  pads  when  comparing  Run  #1  to  Run  #2.  In  both  cases,  failure  modes  were  about 
85-89%  cohesive.  However,  the  crack  growth  was  smaller  in  Run  #2  when  using  medium  pads 
compared  to  Run  #1.  When  using  coarse  pads,  the  amount  of  cohesive  failure  increased  a  small 
amount  to  an  average  value  of  93%  cohesive. 
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Figure  6:  Effect  of  Nylon- Pad  Coarseness  on  Wedge  Test  Results  Using  EA  9320NA 
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3  DISCUSSION 

3.1  Determination  of  Baseline  Adhesive  Properties 

As  was  expected,  the  paste  adhesives  evaluated  exhibited  a  range  of  properties.  Lap  shear  and 
peel  tests,  conducted  on  A1 2024-T3  using  PAA/BR  127,  yielded  high  percentages  of  cohesive 
failure  with  the  Hysol  adhesives  and  low  percentages  of  cohesive  failure  with  the  3M  adhesives, 
in  most  cases.  Lap  shear  testing  at  180°F  was  the  one  test  condition  that  tended  to  result  in  lower 
percentages  of  cohesive  failure  with  the  Hysol  adhesives.  This  was  somewhat  unexpected  since 
the  lap  shear  strength  of  an  adhesive  tends  to  decrease  with  increasing  temperature.  This  should 
increase  the  likelihood  of  failure  within  the  adhesive  layer.  However,  experimental  results  show 
that  the  elevated  temperature  drove  the  failure  to  the  interface  with  several  adhesives  tested  at 
180°F.  EA  9394  and  EA  9396  provided  the  best  strengths  when  tested  at  elevated  temperature. 
This  was  especially  true  when  curing  the  paste  adhesives  at  ambient  temperature.  All  the  paste 
adhesives  experienced  a  sharp  reduction  in  lap  shear  strength  at  elevated  temperature  due  to  the 
ambient  cure,  except  EA  9394  and  EA  9396.  This  was  as  expected  since  these  adhesives  were 
formulated  for  high- temperature  service  with  low- temperature  cure.  The  trade-off  is  their 
reduced  peel  strengths. 
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PAA/BR  127  wedge  test  results  were  generally  as  expected,  with  high  percentages  of  cohesive 
failure.  EA  9330.3  specimens  exhibited  roughly  70%  cohesive  failure  with  some  interfacial 
failure  occurring  at  the  adhesive -primer  interface.  The  other  Hysol  adhesives  exhibited  high 
percentages  of  cohesive  failure.  However,  the  3M  adhesives  exhibited  extremely  small 
percentages  of  cohesive  failure  with  failure  occurring  at  the  adhesive -primer  interface. 

The  3M  adhesives  (EC  2615  and  EC  3333)  produced  extremely  high  percentages  of  adhesive 
failure  mode  at  the  primer- adhesive  interface  in  lap  shear,  peel  and  wedge  tests  conducted  using 
A1  2024- T3  treated  with  PAA/BR  127.  This  was  unexpected  since  PAA/BR  127  is  the  premier 
surface  preparation  for  aluminum  and  typically  provides  cohesive  failure  modes  for  lap  shear, 
peel,  and  wedge  testing.  It  is  unknown  why  the  3M  adhesives  exhibited  such  low  percentages  of 
cohesive  failure  when  compared  to  the  Hysol  adhesives,  but  it  is  a  concern  for  bond  durability. 
One  possible  cause  of  failure  is  some  type  of  incompatibility  between  the  3M  adhesives  and  the 
Cytec  BR  127  primer.  This  was  not  further  investigated  in  this  study. 

3.2  Evaluation  of  Nylon-Pad/Sol-Gel  Surface  Preparation 

In  order  to  estimate  the  overall  effect  of  surface  preparation  for  each  adhesive,  a  chart  comparing 
the  average  percent  cohesive  failure  for  all  lap  shear,  peel,  and  wedge  test  specimens  for  each 
process  investigated  in  the  surface  preparation  evaluation  is  shown  in  Figure  7.  This  was  a 
qualitative  comparison  based  solely  on  failure  modes.  Since  it  includes  lap  shear,  peel,  and 
wedge  data,  it  is  possible  that  one  test,  such  as  the  wedge  test,  can  have  a  large  influence  on  the 
results.  The  PAA/BR  127  process  yields  the  highest  average  amount  of  cohesive  failure  for  each 
adhesive.  This  process  was  also  the  only  one  that  included  an  adhesive  bond  primer.  The  nylon- 
pad/sol-  gel  process  yields  a  higher  average  amount  of  cohesive  failure  than  the  scuff- 
sand/solvent  wipe  process  for  every  adhesive.  For  all  adhesives  tested,  the  nylon-pad/sol- gel 
process  provided  a  reduced  amount  of  cohesive  failure  when  compared  to  PAA/BR  127.  The 
reason  for  the  better  performance  obtained  with  EA  9320NA  was  not  determined.  However, 
when  using  EA  9320NA,  the  nylon-pad/sol- gel  process  yielded  an  average  of  roughly  92% 
cohesive  failure  mode,  when  compared  to  the  97%  cohesive  mode  routinely  achieved  with 
PAA/BR  127.  This  was  the  best  failure  mode  achieved  using  the  nylon-pad/sol-gel  process  with 
any  of  the  paste  adhesives.  Specimens  prepared  with  the  nylon-pad/sol- gel  surface  preparation 


22 


performed  very  similarly  to  those  prepared  with  PAA/BR  127  when  bonded  with  EA  9320NA, 
as  detailed  in  Section  2.2.2.  The  3M  adhesives  exhibited  extremely  low  percentages  of  cohesive 
failure  for  all  surface  preparations  when  compared  to  the  Hysol  adhesives. 


Figure  7:  Average  Percent  Cohesive  Failure  versus  Surface  Preparation  for  Various 

Adhesives 


3.3  Evaluation  of  the  Repeatability  Assessment 

Ambient-temperature  lap  shear  results  using  EA  9320NA  adhesive  did  not  distinguish 
differences  between  PAA,  grit- blast/sol- gel  or  nylon- pad/ sol- gel  surface  preparations.  All 
specimens  failed  cohesively  with  very  repeatable  strengths.  All  five  panels  (25  specimens)  per 
surface  preparation  were  comparative  with  each  other  as  shown  in  Figure  1.  Lap  shear  strength 
at  160°F  did  reveal  differences  in  failure  mode  between  surface  preparation  (Figure  2),  even 
though  the  strengths  were  consistent.  PAA  specimens  exhibited  cohesive  failure  while  grit- 
blast/sol-gel  specimens  exhibited  -90%  cohesive  failure  and  nylon-pad/sol-gel  specimens 
exhibited  -84%  cohesive  failure.  Identically  prepared  panels  performed  similarly  and  led  to  very 
reproducible  results  with  all  three  evaluated  surface  preparations  when  tested  for  lap  shear 
strength  at  160°F.  Wedge  tests  (Figure  3)  show  that  PAA  and  grit- blast/sol- gel  specimens 
exhibit  nearly  100%  cohesive  failure  modes  while  nylon-pad/sol-gel  specimens  exhibit  -85% 
cohesive  failure.  Once  again,  the  data  is  very  repeatable,  with  the  three  sets  of  data  are  grouped 
together  in  Figure  3  versus  randomly  scattered. 
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Since  the  repeatability  assessment  was  performed  on  A1  7075-T6  with  3M  medium  Roloc™  pads 
instead  of  A1 2024-T3  with  3M  coarse  Roloc™  pads  as  in  Section  2.2.2,  a  second  set  of  data  were 
generated  comparing  the  difference  in  strengths  or  failure  modes  due  to  different  abrasive  pads. 
The  main  concern  was  the  difference  in  nylon-pad/sol- gel  wedge  test  failure  modes  from  Table  8 
(95%  cohesive  failure  on  A1  2024- T3)  compared  to  nylon-pad/sol- gel  wedge  test  failure  modes 
in  Figure  3  (85%  cohesive  failure  on  A1  7075-T6).  Results  from  Figure  4  show  that  both 
medium  and  coarse  Roloc™  pads  provide  cohesive  failure  modes  when  tested  in  lap  she  ar  at 
ambient- temperature.  When  testing  lap  shear  strength  at  160°F,  the  coarse  pads  appear  to 
provide  slightly  better  failure  modes  than  the  medium  pads  while  specimens  yielded  very  similar 
strengths  regardless  of  the  failure  mode,  as  shown  in  Figure  5.  Finally,  wedge  tests  show  the 
coarse  pads  provide  slightly  better  failure  modes  than  the  medium  pads  Figure  6. 


4  CONCLUSIONS 

Ambient-temperature  adhesive  bonding  processes  were  investigated  for  on- aircraft  repair  of 
aluminum  alloys  in  this  program  conducted  by  UDRI  and  AFRL.  These  process  evaluations 
included  both  adhesives  and  prebond  surface  preparations.  The  two-part  epoxy  paste  adhesives 
evaluated  were  Hysol  products  EA  9309.3NA,  EA  9320NA,  EA  9330.3,  EA  9394,  and  EA  9396 
as  well  as  3M  Company  EC  2615  and  EC  3333.  These  adhesives  exhibited  a  wide  range  of  lap 
shear  and  peel  properties.  They  were  tested  with  three  surface  preparations:  PAA/BR  127, 
nylon-pad/sol- gel  and  scuff- sand/solvent  wipe.  The  latter  two  are  ambient -temperature 
processes  that  do  not  include  an  adhesive  primer.  Lap  shear,  peel,  and  wedge  tests  were  used  to 
examine  adhesive  performance  with  these  surface  preparations. 

Testing  with  the  different  surface  preparations  provided  valuable  information  concerning  bonded 
repairs.  The  scuff- sand/sol  vent  wipe  process,  often  used  for  on-aircraft  repairs,  not  only  resulted 
in  decreased  moisture  durability  but  also  reduced  initial  bond  strengths.  The  nylon- pad/sol- gel 
process  always  outperformed  scuff- sand/solvent  wipe.  This  sol- gel  procedure  is  nearly  as  simple 
to  perform  as  scuff- sand/solvent  wipe  and  does  not  contain  hazardous  materials  other  than  the 
solvent  found  in  both  processes.  The  nylon-pad/sol-  gel  process  consisted  of  a  solvent  wipe  using 
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acetone  and  abrasion  with  3M  medium  Roloc™  pads  followed  by  blowing  off  excess  debris 
using  compressed  dry,  clean,  nitrogen.  Clean,  filtered  air  could  be  used  in  lieu  of  nitrogen.  After 
debris  removal,  sol-  gel  solution  was  applied  so  surfaces  were  kept  wet  for  3  minutes,  then 
adherends  were  dried  at  ambient  temperature  (70°F)  for  30  minutes  prior  to  adhesive  application. 

The  PAA/BR  127  process  produced  the  best  overall  results  as  was  expected  since  it  is  the 
premier  aluminum  surface  preparation.  It  provided  excellent  initial  bond  strengths  and  long-term 
resistance  to  moisture  degradation.  However,  in  this  study,  EA  9320NA  adhesive  used  in 
conjunction  with  the  nylon-pad/sol-gel  surface  preparation  in  an  ambient- temperature  process 
provided  results  nearly  as  good  as  those  obtained  using  PAA/BR  127  with  the  same  adhesive. 

The  other  Hysol  adhesives  did  not  provide  the  same  level  of  performance  as  EA  9320NA  when 
used  in  conjunction  with  the  nylon-pad/sol- gel  surface  preparation.  The  3M  adhesives  exhibited 
gross  amounts  of  interfacial  failure  with  all  surface  preparations  evaluated  in  this  program. 

Specimens  prepared  with  the  nylon-pad/sol- gel  surface  preparation  and  bonded  with  EA 
9320NA  proved  to  provide  repeatable  results.  Good  results  were  achieved  on  both  AL  2024- T3 
and  AL  7075- T6  using  both  3M  medium  and  coarse  Roloc™  pads.  However,  further  testing 
proved  that  slightly  better  failure  modes  were  achieved  when  abrading  with  3M  coarse  Roloc™ 
pads. 

For  the  best  strength  and  moisture  durability  results  without  the  use  of  acids,  grit- blast/sol-  gel  or 
grit-blast/silane  processes  should  be  used.  Though  not  as  convenient  as  nylon-pad/sol-gel,  these 
surface  preparations  are  now  utilized  for  on-aircraft  bonding.  The  nylon-pad/sol  gel  process 
should  be  considered  for  applications  that  currently  employ  scuff-  sand/solvent  wipe.  Without 
primer,  the  nylon-pad/sol- gel  surface  preparation  provides  better  bond  strength  and  durability 
than  scuff- sand/solvent  wipe,  yet  it  remains  a  simple,  quick,  and  practical  on-aircraft  process. 

The  use  of  adhesive  bond  primer  with  nylon-pad/sokgel  increases  bond  durability14,  but  it  is  it  no 
longer  an  ambient- temperature  process. 
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